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ABSTRACT 


The  low-frequency  dielectric  properties  of  resins  provide  a  useful  tool  for 
characterization  both  of  the  curing  process  and  of  fully  cured  material.  We 
have  used  integrated  circuit  technology  to  develop  a  miniaturized  dielectric 
probe  that  combines  small  size  with  built-in  amplification  to  achieve  sensi¬ 
tivity  at  frequencies  as  low  as  1  Hz.  The  device  combines  a  planar  interdi- 
gitated  electrode  structure  with  a  pair  of  matched  field-effect  transistors. 
The  microdielectrometer  'chip*  can  be  implanted  in  a  specimen,  or  a  small 
sample  of  material  (a  few  milligrams)  can  be  placed  on  the  active  area  of  the 
device.  When  combined  with  an  off-chip  electronic  feedback  system,  the  device 
can  be  used  to  measure  the  complex  dielectric  constant  of  the  sample  material 
either  as  it  cures,  or  after  cure.  The  device  is  capable  of  operating  at 
temperatures  up  to  200°C,  making  it  useful  for  a  wide  variety  of  curing  and 
post-cure  studies.  Device  calibration  is  based  on  a  two  dimensional  computer 
model  which  has  been  experimentally  confirmed  for  a  variety  of  control  sam¬ 
ples.  Several  typical  applications  are  illustrated  by  experiments,  and  the 
use  of  the  data  to  follow  changes  in  the  dominant  low-frequency  dielectric 
relaxation  during  the  cure  of  a  model  epoxy  resin  system  are  presented. . 
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I.  INTRODUCTION 


This  paper  presents  a  new  microelectronic  technique  for  the  measurement 
of  low-frequency  dielectric  properties  of  materials,  with  particular  emphasis 
on  application  to  the  in-situ  monitoring  of  resin  cure  (1).  Measurements  of 
dielectric  properties  of  polymers  and  other  materials  are  used  in  a  variety 
of  applications  (2).  In  the  case  of  resin  cure,  the  technique  has  proved 
sufficiently  useful  to  prompt  the  development  of  commercial  instrumentation 
dedicated  to  this  application  (3).  This  commercial  "dielectrometer"  instru¬ 
ment  uses  a  conventional  parallel  plate  capacitor  geometry,  either  in  fixed 
plate  form  or  in  the  form  of  thin  foils  to  which  leads  can  be  attached,  and 
operates  in  the  nominal  frequency  range  100  Hz  to  100  kHz. 

The  technique  that  we  call  "microdielectroraetry"  differs  from  the  con¬ 
ventional  measurement  in  several  ways.  First,  it  uses  as  sense  electrodes  a 
pair  of  very  small  planar  interdigitated  electrodes  fabricated  as  part  of  a 
silicon  integrated  circuit  (the  "microdielectrometer"  chip).  This  electrode 
geometry,  while  much  less  efficient  than  the  parallel  plate  geometry  in  terms 
of  electric  field  coupling  between  the  electrodes,  can  be  manufactured  with 
great  precision  using  microelectronic  techniques,  and  therefore  can  yield  an 
electrode  pattern  with  known  and  highly  reproducible  calibration.  Second,  the 
technique  incorporates  high  impedance  amplifiers  in  the  form  of  depletion¬ 
mode  MOSFET's  built  into  the  microdielectrometer  chip,  achieving  a  sensitiv¬ 
ity  improvement  tnat  more  than  compensates  for  the  relatively  inefficient 
electrode  structure,  and  permits  succesful  operation  of  the  device  down  to  1 
Hz  and  below,  an  advantage  for  studying  slow  relaxations  in  materials. 
Finally,  with  the  use  of  a  specially  designed  electronic  feedback  circuit, 
such  potential  sources  of  problems  as  FET  temperature  and  pressure  depen¬ 
dences  can  be  cancelled  out,  permitting  the  microdielectrometer  chip  to  be 
used  over  a  wide  temperature  range  (up  to  250°C) ,  even  when  implanted  in  a 
bulk  specimen  of  curing  material. 

Section  II  of  this  paper  contains  a  description  of  the  microdielectro¬ 
meter  device  and  accompanying  measurement  system.  Section  III  presents 
examples  of  the  raw  data,  in  the  form  of  gain-phase  plots,  obtained  during 
the  cure  of  a  two-component  epoxy-amine  system  (DGEBA/MPDA) .  Section  IV 
illustrates  how  this  raw  data  can  be  converted  into  the  conventional  real  and 
imaginary  parts  of  the  dielectric  constant  by  the  use  of  calibration  curves 
developed  from  two-dimensional  computer  simulations  of  the  device.  Finally, 
Section  V  demonstrates  how  the  resulting  dielectric  constant  data  can  be 
Interpreted  to  obtain  a  dynamical  relaxation  time  which  is  shown  to  be 
strongly  correlated  with  the  behavior  of  the  viscosity  during  cure. 


II.  THE  MICRODIELECTROMETER  CHIP  AND  MEASUREMENT  SYSTEM 


The  microdielectrometer  chip  contains  a  planar  interdigitated  electrode 
and  two  depletion-mode  metal-oxide-semiconductor  field-effect  transistors 
(MOSFET's),  A  top  view  of  a  portion  of  the  device  is  shown  in  Fig.  1.  The 
outer  electrode  is  called  the  driven  gate,  and  is  connected  to  a  normal 
bonding  pad.  The  inner  electrode  is  called  the  floating  gate,  and  extends 


alia 


Top  view  of  sensor  portion  of  microdielectrometer  chip 


Driven  gate  Floating  gate 

electrode  \  /  electrode. 


Fig.  2  Cross  section  of  electrode  portion  of  microdielectrometer 
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over  the  channel  region  of  one  of  the  FET's  as  shown.  The  silicon  dioxide 
layer  between  the  floating  gate  and  the  silicon  substrate  effectively  iso¬ 
lates  the  floating  gate,  with  the  result  that  there  is  no  electrical  connec¬ 
tion  between  the  driven  and  floating  gate  except  through  the  sample  material 
under  study,  which  is  placed  over  the  electrodes  as  in  the  schematic  cross 
section  in  Fig.  2.  A  sinusoidal  voltage  applied  to  the  driven  gate  causes 
time-varying  current  (both  conduction  and  displacement  current)  to  flow 
through  the  sample  toward  the  floating  gate.  The  capacitance  betv/een  the 
floating  gate  and  the  substrate  collects  the  charge  from  this  current,  this 
time-varying  charge  on  the  floating  gate  serving  to  modulate  the  conductance 
of  the  FET  channel.  Thus,  the  primary  measurement  consists  of  determining  the 
magnitude  and  phase  of  the  charge  on  the  floating  gate  produced  by  a  sinu¬ 
soidal  waveform  applied  to  the  driven  gate.  Clearly,  this  will  depend  on  the 
dielectric  properties  of  the  sample. 

In  order  that  the  measurement  not  depend  on  the  electrical  characteris¬ 
tics  of  the  FET's  (which  are  subject  to  manufacture-related  variations  as 
well  as  temperature  and  pressure  dependences),  two  identical  FET's  are  fab¬ 
ricated  on  the  microdielectrometer  chip.  The  second  "reference"  FET  is  con¬ 
nected  in  a  specially  designed  feedback  "interface  circuit"  which  permits 
measurement  of  the  floating  gate  voltage  by  applying  to  the  gate  of  the  ref¬ 
erence  FET  exactly  that  voltage  required  to  make  the  two  FET  currents  iden¬ 
tical.  The  details  of  this  circuit  are  described  elsewhere  (4). 

The  microdieleccrometer  chip  as  presently  designed  is  75  mils  square, 
and  has  a  total  of  eight  contacts.  The  device  is  mounted  onto  a  standard  TO-8 
transistor  header,  and  wire  bonded.  Other,  more  compact  mounting  and  packag¬ 
ing  methods  could  also  be  used.  The  device  can  be  used  either  by  placing  a 
small  sample  of  material  over  the  electrodes  or  by  implanting  the  entire  de¬ 
vice  into  a  bulk  specimen.  In  either  case,  the  device  can  readily  be  placed 
in  an  oven  for  isothermal  or  ramped  temperature  studies.  Because  of  the 
feedback  circuit,  no  temperature  compensation  of  the  measurement  is  required. 

A  block  diagram  of  the  instrumentation  system  is  shown  in  Fig.  3-  The 
device  and  interface  circuit  are  connected  to  a  computer-controlled  function 
generator,  and  the  magnitude  and  phase  of  the  floating  gate  voltage  are 
measured  with  a  gain-phase  meter,  also  linked  to  the  computer.  As  will  be 
explained  in  more  detail  below,  the  transfer  function  between  the  driven  gate 
and  the  floating  gate  depends  only  on  the  real  and  imaginary  parts  of  the 
dielectric  constant  (e'  and  s"),  and  not  explicitly  on  the  frequency  of  the 
sinusoid.  Therefore,  there  is  a  unique  mapping  between  measured  gain  and 
phase,  on  the  one  hand,  and  e'  and  e"  on  the  other  hand.  At  present,  the 
graphics  display  on  the  HP-85  computer  used  to  run  the  system  is  set  up  for 
real-time  display  of  the  gain-phase  characteristic.  Typical  data  for  a  cure 
cycle  will  be  presented  in  the  following  section.  Other  components  of  the 
system  include  a  link  to  a  larger  computer  (HP-1000),  and  access  to  line 
printers,  cassette  storage,  and  a  graphics  plotter.  All  data  is  stored  in 
files  on  cassette,  permitting  very  flexible  data  analysis  procedures  and  with 
no  transcription  or  re-formatting  required. 
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III.  GAIN-PHASE  DATA 


The  typical  experimental  sequence  is  established  by  a  program  residing 
in  the  HP-85.  The  operator  selects  a  set  of  frequencies  to  be  used,  and  es¬ 
tablishes  how  often  measurements  are  desired.  Following  initiation  of  a  run, 
the  computer  automatically  sequences  the  frequency  of  the  function  generator, 
waits  a  prescribed  settling  time,  and  then  records  the  magnitude  and  phase  of 
the  floating  gate  voltage  from  the  gain-phase  meter. 

Figure  4  illustrates  a  typical  run  as  seen  from  the  graphics  display  of 
the  HP-85.  The  sample  consists  of  a  stoichimetric  mix  of  DGEBA  and  MPDA, 
cured  at  80°C,  on  a  device  with  an  oxide  thickness  of  10,000  t.  For  each 
measurement,  a  point  is  plotted  in  gain-phase  space.  In  the  first  photograph, 
two  sets  of  readings  at  each  of  seven  frequencies  have  been  completed.  The 
pair  of  points  farthest  from  the  origin  correspond  to  1000  Hz,  the  next  pair 
to  300  Hz.  The  remaining  points  are  still  clustered  at  the  origin,  an 
expected  result  given  the  relatively  high  conductance  of  the  resin  early  in 
cure. 


The  second  photograph  shows  the  display  ten  minutes  later.  Two  more 
measurement  sequences  have  been  completed.  One  can  easily  visualize  the 
"trajectories"  followed  by  the  data  for  each  frequency  in  gain-phase  space  as 
the  resin  cures.  As  will  be  explained  in  Section  IV,  the  trajectory  for  a 
particular  frequency  is  due  to  the  variation  of  the  dielectric  properties  (at 
that  frequency)  during  cure. 

This  particular  resin  system  shows  a  remarkably  simple  behavior  of  the 
various  trajectories:  they  all  overlap.  The  data  for  300  Hz  follow  the  same 
path  through  gain-phase  space  as  the  data  for  1000  Hz.  Indeed,  throughout  the 
frequency  range  1-1000  Hz,  the  data  follow  a  single  trajectory  with  only 
minor  variations,  as  shown  in  the  third  photograph  in  Fig.  4,  taken  at  the 
end  of  cure.  Two  major  trajectories  are  seen,  a  primary  large  trajectory,  and 
a  second  small  trajectory  late  in  cure.  The  only  important  difference  between 
the  data  for  the  different  frequencies  is  how  fast  the  point  moves  around  the 
path  of  the  trajectory.  The  highest  frequency  goes  first,  and  the  lowest 
frequency  last.  The  strong  structure  inherent  in  the  data  suggests  that  the 
behavior  of  this  resin  can  be  modeled  with  simple  relaxation  times.  This 
subject  is  discussed  further  in  Section  V. 

That  the  cure  trajectory  is  a  well  behaved  property  of  the  resin  system 
is  illustrated  by  a  comparison  of  the  plots  in  Fig.  5.  Figs.  5a  and  5b  show 
data  from  cures  at  two  different  temperatures.  The  path  followed  is  virtually 
identical  in  the  two  cases,  but  because  of  the  lower  temperature,  the  60°C 
data  requires  a  longer  time  to  move  across  the  gain-phase  trajectory. 

The  importance  of  the  device  dimensions  is  illustrated  by  a  comparison 
of  Figs.  5b  and  5c.  The  data  in  each  case  are  for  a  cure  at  100  C,  but  the 
device  in  Fig.  5c  has  a  thinner  oxide  layer,  resulting  in  a  different  appar¬ 
ent  gain-phase  trajectory.  However,  since  the  device  dimensions  are  differ¬ 
ent,  one  would  expect  that  the  mapping  between  gain-phase  and  e' ,  e"  might 
differ.  Indeed,  it  will  be  shown  below  that  the  dielectric  data  obtained  from 
these  two  devices  using  the  appropriate  calibration  curves  are  the  same. 
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It  is  important  to  note  that  the  present  system  configuration,  in  which 
the  raw  data  is  displayed  in  gain-phase  format,  can  be  replaced  by  a  display 
in  which  t'  and  e"  are  the  primary  variables.  This  modification  is  planned 
for  the  near  future. 


IV.  EXTRACTION  OF  DIELECTRIC  DATA  FROM  GAIN-PHASE  DATA 


There  is  a  unique  correspondance  or  mapping  between  the  gain-phase  data 
and  the  real  and  imaginary  parts  of  the  sample  dielectric  constant  (o'  and 
e") .  Calibration  of  the  microdielectrometer  device  consists  of  determining 
this  mapping.  The  first  device  models  were  based  on  a  very  approximate  dis¬ 
tributed  RC  transmission  line  (1).  This  paper  uses  a  much  more  accurate  cal¬ 
ibration  procedure  in  which  a  two-dimensional  numerical  solution  to  Laplace's 
equation  is  obtained  using  a  complex  amplitude  for  the  potential,  thereby 
permitting  the  effects  of  both  the  dielectric  constant  s'  and  the  dielectric 
loss  e"  to  be  included  on  an  equal  footing.  This  is  important  since 
early  in  the  cure,  the  conductance,  or  loss  term  can  dominate,  whereas  toward 
the  end  of  cure,  the  dielectric  term  always  dominates.  Details  of  the  cali¬ 
bration  calculation  are  available  elsewhere  (5). 

Figure  6  shows  atypical  set  of  calibration  curves  obtained  for  the  de¬ 
vice  with  the  10,000  A  oxide.  Several  features  can  be  noted.  For  a  perfect 
dielectric  (a"  =  0),  the  gain-phase  points  lie  on  the  gain  axis  (zero  phase 
shift).  This  permits  a  check  of  the  calculated  calibration  by  measuring  the 
high-frequency  transfer  function  of  the  device  in  air  (s'  =  1.0).  The  accur¬ 
acy  of  the  in-air  calibration  is  found  to  be  better  than  1  dB  for  both  oxide 
thicknesses  used  in  these  experiments.  Examination  of  the  calibration  curves 
3hows  that  near  the  origin  (corresponding  to  early  in  cure),  the  various 
curves  crowd  together.  This  means  that  the  measurement  is  most  prone  to  error 
when  the  data  are  near  the  origin,  and  that  small  gain  offsets  or  spurious 
sources  of  either  magnitude  or  phase  errors  might  produce  problems  early  in 
cure.  Indeed,  we  have  had  problems  with  the  calibration  for  gains  above 
-3  dB,  due  to  a  spurious  conduction  path  in  the  chip  design  which  creates 
magnitude  and  phase  errors  when  the  resin  is  highly  conductive,  and  due  to  a 
small  gain  offset  (of  order  1  dB)  between  the  floating  gate  FET  and  reference 
FET.  The  details  of  the  origins  of  these  errors,  their  implications  for  the 
interpretation  of  measurements  early  in  cure,  and  ways  to  remove  the  errors 
in  future  designs  will  be  discussed  elsewhere  (6).  For  the  present  discus¬ 
sion,  we  have  elected  to  ignore  all  data  closer  to  the  origin  than  -3  d3, 

and  have  compensated  for  the  gain  offset  by  a  small  correction  for  each  de¬ 
vice  which  makes  the  final  high-frequency  dielectric  constant  agree  with  the 
result  of  a  parallel  plate  capacitor  measurement  on  fully  cured  material.  In 
no  case  is  the  gain  correction  more  than  ’ .2  dB. 

The  time  dependence  of  and  e"  at  three  different  frequencies  for  each 
of  the  runs  illustrated  in  Figs.  5a,  5b,  and  5c  are  plotted  in  Figs.  7,  8, 
and  9.  Times  to  gelation  t,  for  this  resin  system  are  also  shown  for  refer¬ 
ence  (7).  Figs.  8  and  9,  which  correspond  to  different  device  geometries  but 
the  same  cure  temperature,  show  excellent  agreement  with  one  another.  This 
demonstrates  that  the  calibration  procedure  is  basically  correct.  Comparison 
between  Figs.  7  and  8,  corresponding  to  the  same  device  geometry  but  differ- 


Fig.  8  Time  dependence  of  e'  and  e"  for  data  of  Fig.  5b 


Fig.  9  Time  dependence  of  e'  and  e”  for  data  of  Fig  5c 
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ent  cure  temperatures,  shows  that  the  changing  features  of  the  dielectric 
constant  are  the  same,  but  occur  over  a  longer  time  scale  as  the  temperature 
is  decreased,  due  to  the  activation  of  the  curing  reaction. 

The  results  in  Figs.  7  and  8  show  that  two  relaxations  are  occuring:  a 
large  one  prior  to  gelation,  and  a  smaller  one  after  gelation.  The  frequency 
dependence  demonstrates  that  the  1  H2  measurement  is  more  sensitive  to  these 
relaxations  than  higher  frequencies,  which  is  consistent  with  a  model  of  di¬ 
pole  orientation.  Increased  frequency  or  extent  of  cure  makes  it  more  diffi¬ 
cult  for  the  dipoles  to  respond  to  the  alternating  electric  field.  This  leads 
us  to  attribute  the  first  relaxation  to  the  increasing  viscosity  of  the 
liquid  phase  as  the  epoxy  polymerizes  and  approaches  gelation,  and  the  second 
to  further  crosslinking  in  the  gel  phase.  The  principal  conclusion  is  that 
reliable  low  frequency  dielectric  data  can  be  obtained  with  this  device,  and 
with  the  improved  low-frequency  sensitivity,  direct  comparison  with  other 
measurement  techniques,  such  as  torsional  braid  analysis,  becomes  possible. 


V.  INTERPRETATION  WITH  A  RELAXATION  TIME  MODEL 


The  dielectric  data  presented  in  the  previous  section  show  a  great  deal 
of  structure.  In  particular,  prior  to  the  classical  gelation  time,  there  is  a 
strong  dielectric  relaxation  evident.  It  can  be  easily  shown  that  if  the  di¬ 
electric  properties  of  a  material  obey  a  simple  Debye  model  (that  is,  a  model 
for  the  dielectric  constant  in  which  the  frequency  dependence  is  described  by 
a  single  relaxation  time),  and  if  only  the  relaxation  time  changes  with  cure 
conditions,  then  one  would  expect  all  the  trajectories  in  gain-phase  space  to 
overlap,  as  they  do  in  our  experiments.  This  prompted  us  to  attempt  to  fit 
the  data  with  a  relaxation  time  model,  and  to  determine  how  this  relaxation 
time  varies  with  cure. 

A  good  way  to  examine  relaxation  time  models  is  to  plot  e"  versus  e' 

(the  so-called  Cole-Cole  plot  (8)),  using  frequency  as  the  plotting  parame¬ 
ter.  If  the  Debye  model  holds,  the  data  lie  on  a  semicircle.  The  position  of 
a  point  on  the  semicircle  is  determined  by  the  product  of  the  angular  fre¬ 
quency  and  the  relaxation  time,  so  knowledge  of  the  frequency  permits  deter¬ 
mination  of  the  relaxation  time. 

Fig.  10  shows  a  Cole-Cole  plot  for  the  data  of  Fig.  8  prior  to  gelation. 
The  points  correspond  to  the  values  of  a'  and  e" ,  and  the  dashed  curve  rep¬ 
resents  the  case  for  an  ideal  Debye  model  having  a  limiting  low  frequency 
dielectric  constant  of  450  and  a  limiting  high  frequency  dielectric  constant 
of  6.  Agreement  with  the  Debye  model  is  seen  to  be  very  good.  It  should  be 
emphasized  that  although  it  appears  that  only  a  small  portion  of  the  semi¬ 
circle  is  covered  by  the  data,  the  fit  to  the  ideal  Debye  model  is  justified 
by  the  fact  that  the  approach  of  the  data  to  the  e '  axis  is  fully  perpendicu¬ 
lar  (8). 

The  relaxation  time  was  determined  at  each  point  in  cure  prior  to  gela¬ 
tion,  and  the  results  are  plotted  in  Fig.  11  for  each  of  the  six  devices 
tested  (two  oxide  thicknesses  at  each  of  three  temperatures).  For  any  one 
device,  the  agreement  between  the  relaxation  times  determined  from  different 
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Fig.  10  Cole-Cole  plot  for  data  of  Fig.  8  before  gelation. 
Dashed  line  represents  Debye  model  fit. 


frequencies  at  the  same  elapsed  cure  time  was  within  20%.  The  agreement  be¬ 
tween  the  relaxation  times  determined  from  the  devices  with  different  oxide 
thicknesses  at  the  same  cure  temperature  was  within  50%. 

The  time  dependence  of  the  relaxation  time  resembles  the  time  dependence 
of  the  viscosity  of  thermosetting  systems.  The  slope  of  a  plot  of  log  vis¬ 
cosity  versus  time  breaks  to  a  much  steeper  slope  as  cure  proceeds,  and  is 
attributed  to  chain  entanglement  among  the  branched  polymers  formed  early  in 
cure  (9).  Another  important  similarity  to  viscosity  is  that  the  relaxation 
time  at  the  start  of  cure  increases  as  the  temperature  decreases.  In  fact,  we 
have  found  an  excellent  correspondence  between  the  time  dependence  of  the 
relaxation  time,  as  determined  in  our  experiments,  and  the  viscosity  data 
reported  by  Kamal  (10),  by  simply  scaling  the  relaxation  time  axis  appropri¬ 
ately  (see  Fig.  12).  (A  similar  scaling  of  dielectric  relaxation  time  and 
viscosity  has  been  reported  by  Denney  in  a  very  different  chemical  system 
(ID.)  The  viscosity  data  and  relaxation  time  data  for  various  temperatures 
form  a  smooth  progression.  As  confirmation  of  the  correspondence  between  the 
two,  we  have  plotted  in  Fig.  13  an  Arrhenius  plot  for  the  time  to  reach  400 
poise  or  8  seconds  relaxation  time.  The  points  fall  on  one  straight  line 
characterized  by  an  activation  energy  of  11.5  kCal/mole,  indicating  that  the 
same  process  is  responsible  for  the  behavior  of  both  the  viscosity  and  the 
dielectric  relaxation  time. 


VI.  DISCUSSION 


The  results  of  this  paper  have  been  presented  in  fairly  condensed  form, 
and  have  been  organized  to  emphasize  the  measurement  technique,  and  the  kinds 
of  data  that  can  be  obtained  with  it.  Clearly,  there  is  more  work  to  be  done 
on  device  design,  device  packaging,  and  device  calibration,  particularly  near 
the  gain-phase  origin.  Nevertheless,  we  have  found  that  it  is  possible  to 
extract  from  low  frequency  dielectric  data  a  quantity  (the  low-frequency  di¬ 
electric  relaxation  time)  which  appears  to  carry  the  same  information  as  bulk 
viscosity.  This  relaxation  time  can  be  measured  entirely  electrically,  and 
the  data-processing  needed  to  convert  gain-phase  data  to  relaxation  time  is 
modest  enough  to  be  performable  on  a  real-time  basis.  Thus,  one  can  antici¬ 
pate  being  able  to  monitor  the  viscosity  of  a  curing  system,  in  situ,  and  in 
real  time.  Given  the  role  played  by  the  viscosity  in  the  determination  and 
control  of  cure  cycles  for  composites,  the  microdielectrometer  should  prove 
an  advantageous  addition  to  the  family  of  cure  monitoring  methods. 
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